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Abstract 
Polymer chains can be folded / collapsed to individual, single-chain polymer nanoparticles (SCNPs) by means of intrachain cross-
linking techniques. In some way, SCNP formation is reminiscent of protein folding although current synthetic methods lack the 
perfection of protein folding to functional enzymes. However, in recent years the structure-function paradigm (i.e., amino-acid 
sequence3D structurefunction) has been revisited by taking into account that many non-structured segments of proteins, and 
even totally disordered proteins, play important roles in protein function. In this perspective article, we highlight the significant 
added value that is endowed to SCNPs by taking inspiration from the functions of both ordered and disordered proteins. 
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INTRODUCTION 
Control over the composition, size, shape and functionality of 
hard, synthetic nano-objects has grown exponentially in recent 
years. The huge interest in hard nanoparticles (e.g., metallic, 
metal oxides) has been a direct consequence of several new, 
nano-scale effects found in hard nanosized materials when 
compared to their bulk counterparts.
1
 A classical example is 
that concerning spherical gold nanoparticles, showing a specific 
UV-visible Plasmon resonance band as a consequence of 
electron surface confinement, which can be easily tuned by 
changing nanoparticle size and shape. The huge surface-to-
volume ratio in hard nano-objects also contributes to the 
enhanced reactivity and particular properties often displayed 
by nanomaterials, when compared to those of classical micron-
sized particles (Fig. 1(a)). 
Concerning artificial soft nano-objects, significant advances 
have been performed in the last decades in the control of 
macromolecular architectures (composition, size, shape, 
dispersity) thanks, mainly, to the development of efficient 
controlled radical polymerization (CRP) techniques like 
nitroxide-mediated radical polymerization (NMP),
2
 atom-
transfer radical polymerization (ATRP)
3
 and radical addition 
fragmentation chain-transfer (RAFT) polymerization.
4
 In fact, 
several complex architectures such as those in stars polymers, 
comb-like copolymers and hyperbranched macromolecules 
have been generated using CRP techniques;
5-8
 the resulting 
materials possessing properties very different from that of their 
linear counterparts of equivalent molecular weight (Fig. 1(b)). A 
particular class of artificial soft nano-objects is single-chain 
polymer nanoparticles (SCPNs), which are individual intrachain 
cross-linked polymer chains that have attracted significant 
attention in the polymer field and the nanoscience arena.
9-11
 
One of the main characteristics of SCNPs when compared to 
conventional latex particles is their ultra-small size (<15 nm) 
and consequently their inherent large surface-to-volume ratio 
as well as absence of any emulsifier during their synthesis at 
high dilution. Different techniques have been introduced in the 
past years for intrachain folding/collapse of individual polymer 
chains to SCNPs, such as intrachain homocoupling, intrachain 
heterocoupling and cross-linking induced collapse.
9
 
Additionally, covalent bonding and non-covalent/dynamic-
covalent bonding interactions have been used during the 
collapse of linear polymeric precursors to permanent and 
reversible/stimuli-responsive single-chain nanoparticles, 
respectively.
10,11
 First generations of SCNPs were developed for 
use as sacrificial porogens in microelectronics
12
 and as rheology 
improvers in polymer blends.
13-15
 In this perspective article, we 
highlight the significant added value that can be endowed to 
SCNPs by taking inspiration from the functions of both ordered 
and disordered proteins (Fig. 1(c)). 
 Figure 1. (a) Interest in hard, synthetic nano-objects like gold nanoparticles or carbon nanotubes was driven by the interesting nano-scale properties 
showed by these nanosized particles when compared to the corresponding bulk materials.
1
 (b) Controlled radical polymerization (CRP) techniques
2-4
 
paved the way to the synthesis of soft, synthetic nano-objects of complex architecture like stars polymers, comb-like copolymers, hyperbranched 
polymers
5-8
 or single-chain polymer nanoparticles (SCNPs).
9-11
  The folding/collapse process during SCNP formation is reminiscent of protein folding to the 
native functional state, although current SCNPs mimic the globular structure of biomacromolecules only in a very rough, primitive manner.
9-11
 (c) 
Biomimetic SCNPs can be constructed by taking inspiration from the functions of soft, natural nano-objects and, in particular, from both folded proteins
16-
20
 as well as intrinsically disordered proteins (IDPs).
21-25
 
 
TAKING INSPIRATION FROM PROTEINS  
The overall shape of proteins is determined, mainly, by the 
precise sequence of amino-acids, the interactions between 
amino-acids in solution as well as the interactions of protein 
residues with water. As a result, in Nature we can find from 
perfectly ordered (or folded) proteins
16-20
 to intrinsically 
disordered (unfolded or coil-like) proteins.
21-25
 Sometimes, 
disordered flexible linkers are found to bind folded domains. In 
recent years, the structure-function paradigm (i.e., amino-acid 
sequence3D structurefunction) has been revisited by 
taking into account that many non-structured segments of 
proteins, and even totally disordered proteins, play important 
roles in protein function.
21-24
 Many globular proteins are 
enzymes which catalyze biochemical reactions via active sites 
placed in a hydrophobic core, whereas the function of 
intrinsically disordered proteins is often to bind ligands, such as 
ions, small organic molecules, other proteins and nucleic acids 
(RNA, DNA).
25
 Examples of proteins coming from fungi, bacteria 
and human body which are involved in specific biological 
processes such as oxidation (Lacase enzyme), polymerization 
(Taq polymerase) and transport (Vitamin-D binding protein) are 
illustrated in Fig. 2. As we will show in next section, all of them 
have been recently valuable sources of inspiration for the 
construction of biomimetic SCNPs. 
 
Figure 2. Examples of several proteins with specific biological functions 
which can be taken as source of inspiration for the construction of 
functional biomimetic SCNPs: (a) Lacase enzyme from Pleurotus 
ostreatus. (b) Taq polymerase from Thermus aquaticus. (c) Vitamin-D 
binding protein (DBP), also known as GC-globulin, from human serum.  
 
BIOMIMETIC SINGLE-CHAIN POLYMER NANOPARTICLES 
Since most SCNP precursors are random copolymers lacking a 
precise monomer sequence, the shape of SCNPs in solution, 
when compared to that of proteins, depends mainly on the 
efficiency of the intrachain cross-linking technique employed as 
well as the subtle balance of SCNP-solvent interactions. Hence, 
for SCNPs in solution one can expect a range of structures from 
  
Figure 3. (a) Vitamin binding-mimic SCNPs synthesized via Michael addition-mediated multidirectional self-assembly
28 
are novel transient-binding 
disordered nanocarriers from which controlled delivery of both dermal protective (vitamin B9) and anticancer (hinokitiol) cargos can be carried out.
29
 (b) 
Dual reductase- / polymerase-enzyme-mimic SCNPs have been synthesized through a new approach
30 
which results in non-globular catalytic nano-objects 
allowing highly-efficient reductions to be performed (turnover frequency, TOF > 5800 h-1) as well as the synthesis of high-molecular-weight 
poly(tetrahydrofuran), poly(THF), in the presence of glycidyl phenyl ether (GPE) in an enzyme-like fashion.
 
(c) Oxidase enzyme-mimic SCNPs synthesized 
via Cu2+ intrachain cross-linking show a disordered structure in solution and allow chemoselective alkyne homocoupling reactions to be performed,
 
the 
resulting compounds being useful as cytotoxic agents against tumor cells. 
disordered, crumpled conformations to pseudo-globular 
morphologies. The important point to stress here is that by 
analogy to proteins, even disordered non-globular SCNPs can 
show interesting functions related to those of natural 
biomolecules. 
By taking inspiration from globular enzymes, SCNPs having 
a hydrophobic compartment containing the catalytic species 
have been recently reported by Meijer and co-workers.
26,27
 
Hence, water-soluble single-chain poly(dodecyl methacrylate)-
based nanoparticles having a catalytically active Ru-containing 
hydrophobic cavity were synthesized from amphipilic ABA 
terpolymers (A = poly(ethylene glycol) methyl ether 
methacrylate block, B = random block of dodecyl methacrylate 
and BTA-bearing methacrylate repeat units; BTA = chiral 
benzene-1,3,5-tricarboxamide). By using these biomimetic 
nanoparticles at a [substrate] / [Ru] ratio of 200 / 1, the 
quantitative reduction of cyclohexanone to cyclohexanol in 
water was carried out in 18 h with turnover frequency (TOF) 
values ( TOF = 10 – 20 h
-1
) similar to those reported for 
conventional water-soluble Ru-complexes (TOF = 1 – 40 h
-1
).
26
 
In a subsequent use of this “hydrophobic cavity” approach,
27
 L-
proline (L-Pro)-funcionalizated random terpolymers synthesized 
from L-Pro-bearing methacrylate (5 mol%), BTA-bearing 
methacrylate (10 mol%) and oligo(ethylene) glycol 
methacrylate monomers were transformed into single-chain 
nanoparticles via helical stacking of the chiral BTA units, and 
used as efficient catalysts for the aldol reaction in water 
between p-nitrobenzaldehyde and cyclohexanone, showing 
high conversion (99 % after 120 h), high diastereoselectivity 
(92%) but moderate enantioselectivity (73%). Bioinspired 
construction of hydrophobic cavity-containing SCNPs is then a 
new avenue for enzyme-like organic chemistry in water from 
which many new contributions are expected to appear in a near 
future (e.g., multi-step cascade reactions in water). 
On the other hand, SCNPs showing form factors in solution 
similar to those of intrinsically disordered proteins (IDPs) have 
been recently synthesized by Pomposo and co-workers
28-30
 and 
investigated for different biomimetic applications. In a first 
example of bioinspired nanocarriers, single-chain nanoparticles 
were synthesized via Michael addition-mediated 
multidirectional self-assembly from precursors containing -
ketoester functional groups. Small angle neutron scattering 
(SANS) measurements combined with molecular dynamics 
(MD) simulations undoubtedly showed that the form factor of 
these SCNPs in solution resembles that of IDPs instead of that 
expected for globular enzymes.
28
 Even without the precise 
sequence of proteins, the mimicking of IDP morphology in good 
solvent was a consequence of the intrachain self-assembly 
process leading to the formation of local globules along the 
individual polymer chains. The resulting SCNPs were used as 
novel transient-binding disordered nanocarriers (see Fig. 3(a)) 
from which controlled delivery of both dermal protective 
(vitamin B9) and anticancer (hinokitiol) cargos in water was 
carried out.
29
 It is worth of mention that these “Michael” 
nanocarriers adopted a collapsed, globular morphology in the 
dry state, as observed by transmission electron microscopy 
(TEM). This extended-to-compact morphology transition taking 
place upon solvent removal could be of paramount importance, 
among other applications, for the construction of efficient 
biosensors based on immobilized protein-mimic nano-objects.  
In a second example, dual reductase-/polymerase- enzyme-
mimic SCNPs were synthesized through a new approach which 
results in catalytic nano-objects allowing highly-efficient 
reductions to be performed (TOF > 5800 h
-1
) as well as the 
synthesis of high-molecular-weight poly(tetrahydrofuran), 
poly(THF) in the presence of glycidyl phenyl ether (GPE) in an 
enzyme-like fashion (Fig. 3(b)).
30
 This new pathway to SCNPs 
endowed with enzyme-mimetic activity was based on 
“concurrent” catalyst-assisted intramolecular cross-linking of 
linear precursors and concomitant binding of the catalyst to 
multiple SCNP intrachain cross-linked sites (i.e, “concurrent” 
approach). Hence, instead of possessing an isolated compact 
hydrophobic compartment,
26,27
 the resulting SCNPs showed 
multiple, compartmentalized local catalytic sites as well as a 
relatively open/extended morphology in solution, as 
determined by SANS experiments.  
As a last example of bioinspired SCNPs, oxidase enzyme-
mimic SCNPs have been recently synthesized in our laboratory 
via Cu
2+
-mediated intrachain cross-linking showing a disordered 
crumpled structure in solution as illustrated schematically in 
Fig. 3(c). In spite of the lack of globular order, as found e.g. in 
Lacase enzyme, these SCNPs synthesized using the novel 
“concurrent” approach allow performing chemoselective 
alkyne homocoupling reactions, the resulting compounds being 
useful as cytotoxic agents against tumor cells.   
 
SUMMARY 
Folding of individual polymer chains to collapsed SCNPs is 
reminiscent of protein folding and, currently, it can be 
performed by means of different intrachain cross-linking 
techniques. In this perspective article we have shown how the 
potential applications of SCNPs broaden significantly by taking 
inspiration from the functions of both ordered and disordered 
proteins. On one hand, by taking inspiration from globular 
enzymes, SCNPs having a hydrophobic compartment containing 
the catalytic species have been reported, paving the way to 
enzyme-like organic chemistry in water. On the other hand, by 
taking inspiration from IDPs, transient-binding disordered 
SCNPs have been recently synthesized, from which controlled 
delivery of both dermal protective and anticancer cargos has 
been carried out. Moreover, the recent introduction of a novel 
“concurrent” approach has opened the door to SCNPs 
mimicking the structure of IDPs having reductase-/polymerase- 
and oxidase-like properties, respectively. Due to the added 
value that is endowed to SCNPs by taking inspiration from the 
functions of both ordered and disordered proteins, we 
anticipate further developments coming soon in the still 
emerging field of bioinspired SCNPs. 
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